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Acireductone dioxygenase (ARD) oxidizes 1,2-dihydroxy-3-keto-5-(methylthio)pentene to either formate
and an a-keto acid, or formate, methylthiopropionate and CO, depending on the nature of the catalytic
metal, Fe?" or Ni%*. We recently showed that, contrary to established hypotheses, the mechanistic pref-
erence is driven solely by the RedOx behavior of the metal. Here, we address the functionality of Co?*-

ARD. Using mixed quantum-classical dynamics simulations and density functional theory calculations,
we show that both Fe?*-like and NiZ*-like routes are accessible to Co?*-ARD, but the mechanism involves
a bifurcating transition state, and so the exact product distribution would be determined by the reaction

dynamics.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Metalloenzymes carry out a broad and diverse range of biolog-
ical functions such as nitrogen fixation, metabolism, respiration,
photosynthesis and oxygen transport [1]. It is often still a mystery
why nature chooses specific metals for catalysis. Acireductone
dioxygenases (ARD and ARD’) is a monometallic enzyme involved
in the methionine salvage pathway in living organisms, including
humans [2-5]. ARD oxidizes the substrate 1,2-dihydroxy-3-keto-
5-(methylthio)pentene (acireductone) using dioxygen. Interest-
ingly, the nature of the bound metal is the exclusive determinant
of whether the products are recycled or excreted in the methionine
salvage pathway. Fe-ARD’ (EC 1.13.11.54) oxidizes acireductone
into two products, formate and 2-keto-4-methylthiobutyric acid,
the precursor of methionine, and then continues along the meta-
bolic pathway. Ni-ARD (EC 1.13.11.53) catalyzes the formation of
formate, methylthiopropionate and carbon monoxide, which exit
the pathway. Through a theoretical study, the reaction pathway
differentiation was found to be solely due to the electronic proper-
ties of the metal, disproving previous speculations that the binding
mode of the substrate to the metal center dictated the mechanism
(Figure 1) [2]. Fe-ARD’ has an additional intermediate on the reac-
tion profile, where the dioxygen attached to the substrate is disso-
ciated. For Ni-ARD, dioxygen is activated but remains bound. This
contrasting behavior is the result of the greater RedOx flexibility
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of the Fe?* cation: having more holes in the 3d-set of atomic orbi-
tals, Fe?* efficiently transmits electrons from its ligands to the
bound substrate and dioxygen molecule, causing its dissociation.
The split-dioxygen intermediate is prone to oxygen migration,
leading to the Fe-ARD' products. Ni?* has the 3d-set nearly full,
and does not act as an analogous electron pump. Thus, the effect
of just two extra electrons in the metal in ARD on the mechanism
of reaction is dramatic. If to consider the nature of the metal as a
means to tune the catalysis by metallo-enzymes, ARD represents
a curious case.

In this work we assess the catalytic mechanism Co?*-ARD.
Would Co-ARD follow the Fe-ARD’ pathway, Ni-ARD pathway, or
a completely different pathway? Co is a vital metal in biology
[6,7], found, for example, in cobalamin, commonly known as vita-
min B12 [8], carbonic anhydrase [9], and blue copper proteins [10].
In ARD, Co is not found naturally, but can be installed by ion
exchange. Experimentally, when ARD is reconstituted with Co, it
has been found to form primarily Ni products [11,12], however
the mechanistic details are not elucidated. In view of the exem-
plary sensitivity of the ARD enzyme to the electronic structure of
the metal, we are interested to see how the Co-ARD mechanism
unfolds and compares to the two native forms of the enzyme.

2. Theoretical methods

The initial structure of ARD was obtained from the Protein Data
Base (PDB) (code: 2HJI [13]). 2-Dihydroxy-3-keto-5-methylthi-
opentene was manually docked into the protein, with O1 and O3
being deprotonated and positioned in a six-membered ring relative
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Figure 1. The mechanism of acireductone oxidation in ARD and ARD’, where the additional ‘split-dioxygen’ intermediate found in ARD’ differentiates the two pathways.

to the equatorial plane of the Co complex, in accord with experi-
mental and theoretical predictions for other metal forms of ARD
[14-16] (Figure 2A). Previous QM/DMD simulations on the Fe-ARD’
and Ni-ARD systems elucidated the need for adequate sampling of
the backbone and substrate since the two residues, R104 and R154,
were found to form vital hydrogen bonds with the substrate and
active site [2], to stabilize the doubled deprotonated substrate
and the six-membered ring orientation of the substrate to the
metal.

This study utilizes our developed mixed quantum mechanical/
discrete molecular dynamics [17-21] (QM/DMD) [21] method.
QM/MM is a typical approach to studies of metalloenzymes [22].
QM/DMD is a hybrid method that efficiently captures metallopro-
tein dynamics with a quantum mechanical description of the active
site on the order of tens to hundreds of nanoseconds. DMD differs
from traditional molecular dynamics (MD) by the interaction
potential functions, where the continuous potential functions are
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approximated with step functions of pairwise distances. This
reduces DMD to event-drive MD simulations where a non-tradi-
tional time unit (t.u.) is introduced and defined as the shortest time
between two consequent collisions in the system between two
points. DMD has been utilized extensively on biomolecule systems
such as the one in this study [17-20]. Examples of the capabilities
of QM/DMD include comprehensive mechanistic studies of enzy-
matic reactions [23], unveiling the subtle structural details at
metal-containing active sites [24] and proficient protein conforma-
tional responses to metal replacement and substrate binding [25].
The affordability of QM/DMD is the key attractive quality of the
method when compared to equally capable QM/MM methods.
Details of the QM/DMD method are described elsewhere [21].
Briefly, QM/DMD operates in an iterative scheme with three well
defined regions - the QM-only, DMD-only and the QM-DMD
boundary. First, DMD samples most of the protein, excluding the
exclusively QM-only region - the metal and atoms directly coordi-
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Figure 2. (A) The QM-DMD boundary in the protein is colored teal and includes residues H96, H98, D102 and H140 that directly coordinate the metal, the Co?* metal, the
substrate (orange) and R104 and R154, residues found to be important in stabilizing the dianionic substrate. Parts (B-D) who the convergence data from QM/DMD
simulations for the doublet (blue lines) and quartet (red lines): (B) the backbone RMSD shows overall stabilization of the protein structure; (C) and (D) are the relative QM and
DMD energies. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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nated to the metal (N from His, O from Glu and O1 and O3 of the
substrate). This allows us to avoid force field parameterization
for the metal. Following DMD, the extended QM region is extracted
from the protein and goes through a geometry optimization, fol-
lowing the ab initio gradients of the larger active site that includes
the metals, ligands, the substrate, and R104 and R154. Through the
‘breathing’ QM/DMD boundary, the DMD and QM regions commu-
nicate with one another (Figure S1). QM/DMD is pleasantly insen-
sitive to abrupt changes on the potential at the QM-DMD
boundary, since we never calculate forces there, due to the nature
of DMD. Note, however, that for this same reason fairly large fluc-
tuations in QM and DMD energies are typical for complexes as
large as the studied QM/DMD region [23-25]. Since Co is found
in both low and high spin states in nature [8-10], two sets of
QM/DMD simulation were run for the two different spin states of
Co.

2.1. QM/DMD partitioning scheme

The QM-only, DMD-only and QM-DMD boundary are all
depicted in Figure 2. The QM-only domain includes the Co?* ion,
NE2 of H96, H98 and H140, OE1 of E102 and the two deprotonated
oxygens (01 and O3) of the substrate. The QM-DMD boundary
includes the remaining atoms of residues H96, H98, H140, E102,
the substrate, and R104 and R154. The amino acids in the QM opti-
mization are chopped at the Ca-CB bond, C5-Cy for arginines, and
saturated with hydrogens. The hydrogens are positioned along the
original bond at a distance equal to 0.7052*R(C-C/N). All saturated
hydrogens and their bond partners are frozen during the QM opti-
mization to retain the protein scaffold geometry. During DMD, fur-
ther constraints are imposed to prevent any residues coordinating
the metal from losing their coordination with the metal. DMD is
allowed to sample those constrained atoms only within +0.01 A
from the QM values. These constraints have been shown to not hin-
der important sampling movement of the protein [21].

2.2. Details of the simulations

Each simulation begins with a short DMD run of 1000 DMD
time units (t.u.) (~50 fs) at a DMD temperature of 0.1 kcal/mol K,
with a high heat exchange rate of the protein with the bath for
10 t.u.”!, using the Andersen thermostat [26]. This short DMD sim-
ulation with high heat exchange was found to remove clashes
introduced from pdb starting structures. Following the removal
of clashes, a simulated annealing procedure is performed, shown
to be crucial for avoiding local minimum traps during sampling
and achieve better statistics of the resulting ensemble [21]. The
annealing equilibration peaks at a temperature of 0.2 kcal/mol K
and, in 0.02 kcal/mol K increments, cools down stepwise (5 steps,
consisting of 500 t.u. each) to the production run simulation tem-
perature with the equilibrated structure. The temperature is kept
low for 10000 t.u. during which the DMD trajectory is captured.
The DMD ensemble is clustered according to geometric similarity
based on the Kabcsh RMSD for all pair-wise snapshot structures
and by applying a hierarchical clustering algorithm [27,28]. For
each cluster, both the structure closest to the centroid and the
one with the lowest DMD energy are used as representatives for
the QM phase.

Following DMD, the QM-DMD region is extracted from the cen-
troid and lowest DMD energy structures. These structures undergo
single point QM calculations, using BP86 [29-33] and a mixed dou-
ble ¢ quality basis set (def2-SVP) [34] for H, C, N, O, S, and a triple {
quality basis set (def2-TZVPP) [35] for the metal [36]. To speed up
the calculations, the Resolution of Identity (RI) [37], and Multipole
Accelerated Resolution of Identity (MARI-]) [38] as implemented in
Turbomole [39] were exploited. Empirical dispersion correction

was included both in the energy and gradient evaluations [40]. Sol-
vent was included via the Conductor-like Screening Model
(COSMO) continuum solvent with the dielectric constant set to
20.0 [41], chosen as the best representation of the partially sol-
vent-exposed active site of ARD [42]. Next, each structure is scored
based on both the QM and DMD energies, and a single structure is
selected from each iteration. The selected active site structure is
partially optimized at the QM level, fixing the points of attachment
to the rest of the protein. Lastly, the active site is reinstalled into
the protein, and the QM-DMD boundary shrinks back to the QM-
only and the simulation continues to the next DMD phase. The
QM/DMD scheme propagates until convergence, based on the
root-mean-squared-deviation (RMSD) of backbone Co and QM
and DMD energies. Simulations converged quickly (Figure 2B-D),
within ca. 20 iterations, roughly corresponding to 10.5ns of
dynamics.

2.3. DFT mechanistic study

The QM/DMD simulations produce a set of well-equilibrated
structures, of we which we chose the lowest QM energy structure
to perform the mechanistic study. First, all stationary points along
the reaction profile were calculated in an identical fashion: using
the BP86 functional plus empirical dispersion correction, a double
¢ quality basis set (def2-SVP) for H, C, N, O, S, a triple ¢ quality basis
set (def2-TZVPP) for cobalt and implicit solvation via COSMO with a
dielectric of 20.0. BP86 is mentioned in a recent review [43] to give
better energies for B;,-dependent enzymes that contain Co?* when
compared to B3LYP. In addition, TPSSh [44|/def2-TZVPP and B3LYP
[45,46]/def2-TZVPP with empirical dispersion and implicit solva-
tion were used to calculate the energies of the stationary points.
Jensen et al. reported TPSSh is the most reliable choice of function-
als for studying bioinorganic complexes [47]. The results reported
in the main text are obtained with TPSSh, and those obtained with
the BP86 and B3LYP functionals are given in the Supporting Infor-
mation (Table S1). All intermediates were confirmed by having no
imaginary frequencies, and transitions states having exactly one
imaginary frequency in line with the reaction coordinate. However,
in view of the constraints imposed by the position of the backbone
of the protein, zero point energies were unrealistic and not added to
the total energies computed. All charges were computed using
Natural Population Analyses (NPA) [48] at the TPSSh/def2-TZVPP
level of theory. We recognize the weakness of DFT when it comes
to systems that exhibit spin cross over, however, with the size of
our systems, we are limited to DFT and do believe we have captured
the qualitative details of the system.

Mechanistic investigations were done on both low and high
spin states of Co®* structures generated from QM/DMD. Previous
studies have shown that the low spin structures of Co?>* complexes
are generally what exist in organometallic complexes and uniquely
cobalamin, but high spin Co®" exists for most natural metalloen-
zymes as shown by experiment and computation [49]. To include
all possible spin combinations, the sextet adduct is calculated only
in the mechanism and, as expected, too high in energy to be a via-
ble catalytic option.

3. Results and discussion
3.1. Catalytic mechanism of doublet Co**

The lowest QM structure from the QM/DMD ensemble was
selected and used in the mechanistic study. As with ARD/ARD’,
the barrier toward dioxygen attack is not considered because the
differences between ARD/ARD’ are rooted in later steps of the reac-
tion profile.
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Figure 3. Catalytic mechanism of Co-ARD shows spin crossing at the dioxygen splitting and upon formation of the products (all relative energies reported in kcal/mol). A
bifurcation in the PES is also found for the quartet system at TS1. All structures are optimized with BP86/def2-SVP (C, O, N, H) and def2-TZVPP (Co) with single point energies

at TPSSh/def2-TZVPP.

For doublet Co?*, the mechanism proceeds as follows: dioxygen
binds to C1 and C3 of the substrate (see Figure 1 for atom labeling)
and forms the dioxygen adduct with a negligible stabilization of
the complex (0.4 kcal/mol). Next, the dioxygen separates with a
barrier of 3.7 kcal/mol immediately into the split intermediate
found in Fe-ARD’, where only the O-0 bond is broken but the prod-
ucts are still coordinated to the metal. Following the split interme-
diate, 02 and C3 pass through an epoxy-like transition state of
4.6 kcal/mol and form the two products, formate and the a-keto
acid. Doublet Co?* was not observed to form Ni-ARD products upon
the splitting of dioxygen (Figure 3).

3.2. Catalytic mechanism of quartet Co**

The quartet complex without dioxygen is substantially higher
in energy (16.7 kcal/mol) then the doublet complex. However,

Table 1

upon dioxygen binding and formation of the adduct, the doublet
(—0.4 kcal/mol) and quartet adduct (—0.6 kcal/mol) are essentially
degenerate (Figure 3). Continuing along the path, the dioxygen
splitting transition state (TS1) proceeds with a negligible barrier
(0.3 kcal/mol) into the Ni-ARD products. However, TS1 sits at an
unexpected bifurcation in the PES, where the reaction has the
choice to either proceed directly to the oxidation of the substrate
to Ni-ARD products, or continue along the Fe-ARD’ pathway. Fol-
lowing the O-0 bond split, we are able to capture the thermody-
namically preferred Ni-ARD products. However, proceeding
through to the split intermediate into the Fe-ARD’ products is still
energetically very favorable, through the epoxy-like TS2 with a
barrier of 18.0 kcal/mol. The kinetics of this bifurcation and the
resultant ratio of the forming products cannot be assessed without
the use of on-the-fly dynamics, and this system is indeed interest-
ing for the future dynamics study.

Natural Population Analysis (NPA) charges are listed for residues H96, H98, D102, H140, the substrate, dioxygen and the metal for all stationary points along the reaction path for
low spin Co-ARD (top row, bold), high spin Co-ARD (second row, bold and italicized) and Fe-ARD' (third row). When comparing all the charges from the reactants’ stationary point
to the split intermediate, an overall trend of increasing positive charge on all the residues and the negative change on O, can be seen. Charges were taken from structures
optimized at BP86/def2-SVP (H, C, O, N, H) and def2-TZVPP (Co) and singles points taken at TPSSh/def2-TZVPP.

H96 H98 D102 H140 R104 R154 Substrate 0, Co?*
Reactant 0.08 0.14 —-0.82 0.17 0.85 0.96 -0.83 —0.65 1.09
0.05 0.04 —-0.85 0.08 0.90 0.99 —-1.04 -0.65 148
0.08* 0.07 -0.82 0.06 0.88 0.94 -1.00 —0.66 1.46
TS1 0.08 0.14 —-0.82 0.17 0.85 0.97 —-0.80 —0.68 1.09
0.06 0.05 -0.86 0.08 0.90 0.99 -1.02 —-0.65 1.46
0.08 0.07 -0.82 0.06 0.88 0.94 -0.98 —-0.68 1.45
Split 0.28 0.26 —-0.67 0.26 0.92 0.94 -0.73 -1.36 1.10
0.11 022 -0.78 0.22 0.82 0.95 -0.47 —1.47 1.40
0.13 0.15 -0.79 0.15 0.90 0.94 -0.66 -1.30 1.48
TS2 0.27 0.26 —-0.65 0.28 0.92 0.91 -0.75 -1.33 1.10
0.13 0.15 -0.77 0.14 0.80 0.94 -0.51 —1.46 1.59
0.13 0.16 -0.79 0.16 0.90 0.93 —-0.65 -1.34 1.50
Product (Fe) 0.17 0.10 —-0.78 0.23 0.91 0.92 -0.21 -1.41 1.08
0.09 0.08 -0.83 0.11 0.86 0.92 -0.29 -1.41 1.47
0.07 * -0.81 0.09 0.90 0.92 -0.33 -1.41 1.47

Product (Ni) * * * * * * * * *
0.09 0.01 -0.82 0.08 0.88 0.91 -0.19 -1.45 1.50

@ Values are taken from Ref. [2].
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3.3. Unique split dioxygen intermediate in low and high spin Co®*-ARD

The split dioxygen intermediate found in both low and high
spin Co-ARD was first observed in Fe-ARD. To compare these inter-
mediates to the Fe-ARD one, NPA calculations of partial charges are
computed for all lowest energy stationary points for both spin
states of Co (Table 1, listed in order of low spin Co-ARD, high spin
Co-ARD and Fe-ARD"). If you follow the NPA charges of all the res-
idues coordinating the metal, substrate and dioxygen throughout
the duration of the mechanism, there are several charges to take
note of: (1) Upon formation of the split dioxygen intermediate
and into the epoxy-like transition state, the coordinating residues
(H96, H98, D102 and H140) become more positively charged. The
electrons withdrawn from these residues flow through the Co
metal center and donate electron density to the 1« orbital of diox-
ygen, stabilizing the split intermediate. (2) Although the metal
facilitates the flow of electron density as a RedOx flexible center,
it does not change oxidation state throughout the reaction profile.

Comparing bond distances of the two spin states of Co-ARD,
overall low spin Co has shorter metal-ligand bond distances than
high spin Co complexes. The low spin adduct has Co-01 and Co-
03 bond distances of 1.93 and 1.91 A, respectively. For high spin
Co, the bond distances are 2.10 and 1.97 A, respectively. The
shorter bond distances of low spin Co adduct are comparable to
the longer metal-ligand distances observed in Fe-ARD’ (1.91 and
1.93 A, respectively) giving the low spin Co-ARD a stronger and
more RedOx active interaction. The longer bond distances of high
spin Co are similar to the ones found in Ni-ARD (2.19 and 2.00 A,
respectively). These longer bond distances could be a contributing
factor in high spin Co-ARD bifurcation PES. Co can play the role of a
Lewis acid, coordinating and polarizing the substrate without any
RedOx activity, or Co can play an active role as a RedOx flexible
metal and pass through the split intermediate into the Fe-ARD’
products.

The two spin states considered here (starting from the com-
plexes of the protein with the substrate and dioxygen bound) yield
very accessible reaction profiles that are nearly-degenerate in the
area of TS1, and go down-hill from there. Both Ni-ARD and Fe-ARD’
products are predicted from our simulations for Co?*-dependent
ARD. Our calculations may not have recognized the high spin route
as the exclusive option since we do not have the spin crossing pro-
file and do not consider the dioxygen attachment to the substrate
forming the adduct. However, we do see that the high spin Co pro-
file does form Ni products very efficiently, which has been shown
in experiments. The presence of spin cross-over between the dou-
blet and quartet is evident but something we are not able to
address because of prohibitively high computational cost. It is also
possible that the Co-ARD mechanism is kinetically driven.

4. Conclusions

The pair of acireductone dioxygenases, ARD’ and ARD, facilitate
the recycling of methionine in cells when Fe?* is present within the
active site or exit the pathway entirely when Ni?* is present. Our
previous study explicated the mechanism behind this long-stand-
ing mystery, showing that the metal solely dictates the mechanism
through the degree of charge transfer to dioxygen in the reaction,
linked to the RedOx flexibility of the metal. This purely metal-
dependent functionality led to exploring how Co, the element in
between Fe and Ni, oxidizes the substrate, 1,2-dihydroxy-3-keto-
5-(methylthio)pentene. Through mixed quantum-classical dynam-
ics simulations using our QM/DMD method, and subsequent DFT
mechanistic studies, we showed here that low spin Co®* PES exclu-
sively follows the Fe?*-dependent pathways, producing oa-keto acid
precursor of methionine and formate, while the high spin Co?* PES

contains a bifurcation in the pathway that follows along both the
Fe?*-dependent pathway and Ni?**-dependent pathway that pro-
duces methylthiopropionate, carbon monoxide and formate. Thus
Co-ARD should be able to produce both sets of products, partially
working as an intermediate form between ARD and ARD'. The
resultant product distribution could be accessed through dynamics
studies of the complete reaction path, but this remains to be done
in the future.
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